Common ash (Faxinus excelsior L.) in Europe is declining on a continental scale due to the action of Hymenoscyphus fraxineus, an invasive forest pathogen that causes ash dieback disease leading to the collapse and eventual death of ash trees through shoot infection in the crown and through stem collar infection. This study confirms for the first time lenticels as entry points for pathogens to enter shoot bark. Results show the impact of lenticel infection at a very early stage of invasion by H. fraxineus in a F. excelsior provenance trial and its correlation values with other factors such as shoot dieback, canker-like lesions and bud burst. No significant provenance effects were observed for incidence of shoot dieback, lenticel necrosis or canker-like lesions on shoots, but provenance effects were significant for bud burst phenology. The strongest correlation was observed between lenticel necrosis and canker-like lesions on the lenticels of shoots. Boheremia spp. were most frequently isolated from necrotic ash lenticels and confirmed by ITS sequencing, but also species of Diaporthe, Epicoccum, Aspergillus, Neonectria, Didymella and Hymenoscyphus fraxineus. Finally, lenticel density was similar in sets of ash genotypes that were characterized as having a high and low susceptibility to ash dieback.
Introduction
The necrotrophic ascomycete Hymenoscyphus fraxineus (Baral et al. 2014 ) is a major invasive forest pathogen in Europe and is the causal agent of ash dieback disease in European common ash (Fraxinus excelsior L.); narrow-leaved ash (F. angustifolia) is also susceptible (Kirisits et al. 2010 , Hauptman et al. 2016 , Nielsen et al. 2017a ). The pathogen is likely to have come from Eastern Asia (McMullan et al. 2018 , Sønstebø et al. 2017 . Ash dieback disease was observed for the first time in the early 90s in Poland but it was not until the 2000s that the pathogen was isolated (Kowalski 2001) and described (Kowalski 2006) as the causal agent of ash dieback. H. fraxineus is a heterothallic organism. The sexual phase takes place on dead ash petioles and rachises in the litter. Spores are dispersed by the wind and infect host leaves during summer (Gross et al. 2014 ), but also in late spring (Chandelier et al. 2014 ) and possibly in autumn. After an initial infection in the leaflets the organism spreads through the leaf rachis and from the petiole it invades the shoot inducing necrotic lesions that eventually encircle shoots, causing shoot dieback (Gross et al. 2014) . As disease pressure increases, crown dieback intensifies leading to the decay and eventual collapse of the host (Bakys et al. 2013 , Schumacher et al. 2010 , Skovsgaard et al. 2010 . To date, ash dieback disease has degraded ash woodlands and ecosystems throughout eastern, central and northern Europe overlapping almost completely with the natural distribution of F. excelsior, which is a highly susceptible host for this pathogen (McKinney et al. 2014) . In addition to the symptoms of shoot dieback in the crown, stem and collar infections have also been reported (Kowalski & Bartnik 2010 , Enderle et al. 2013 , Muñoz et al. 2016 ). In the case of collar infections it has been suggested that they occur through the stem lenticels at the base of the tree (Husson et al. 2012 , Chandelier et al. 2016 . Even though direct infection of bark in young shoots and leaf rachis can be induced by artificial inoculation with mycelium following wounding (Kräutler et al. 2015 , Schwanda & Kirisits 2016 , there are no reports about infection mechanisms allowing H. fraxineus to naturally infect the bark of shoots or stems. Lenticels are natural openings located in the bark of woody plants that allow gaseous exchange, which can be used by some forest pathogens as infection points (Garbelotto 2004 , Jung & Blaschke 2004 , Qin & LeBoldus 2014 , Steele et al. 2010 . The density of lenticels has been suggested to be associated with infection without wounding to the pathogen Sphaerulina musiva in clones of Populus (Qin & LeBoldus 2014 ). This study is focused on elucidating the role of lenticels as potential infection points in ash in the context of ash dieback and presents for the first time, natural infection of lenticels in ash by H. fraxineus. The study evaluates lenticel necrosis, shoot dieback, canker-like lesions and bud burst in a provenance trial of almost 4000 ash trees from multiple European provenances, and compares the prevalence of these parameters in crown shoots under conditions of very low disease pressure. Additionally, lenticel density is compared between two groups of ash genotypes with low and high susceptibility to ash dieback.
Materials and methods

Plant material
For the evaluation of the different symptoms in crown shoots and bud burst, the studied material consisted of eleven yearold F. excelsior trees in a European ash provenance trial (RAP) situated in Slatta, Co. Roscommon, in the Republic of Ireland. The trial contained 37 European provenances divided into three replicate blocks. Each replicate block had 37 plots, each contained 36 trees from the same provenance. The whole provenance trial was surrounded by 2 rows of ash seedlings from an Irish commercial seed lot. Specific information about the provenance trial design and sampling can be found in Fig. S1 Genotypes that showed a high proportion of dieback symptoms in crown shoots in the first year of confirmed infection were categorized as being highly susceptible to ash dieback relative to healthy neighbouring trees. Genotypes categorized as having a low susceptibility to ash dieback were selected within a sister provenance trial in Stevoort, Belgium, in which trees were recorded as having full crowns (and no stem or collar infections), over the previous four years of monitoring in an environment with a high infection pressure and tree mortality. Lenticel density was recorded on stem internodes from ten genotypes with low susceptibility and ten genotypes with high susceptibility to ash dieback. For both cases the internodes were derived from grafted plants. Four to eight shoots from each genotype were grafted at the same time and grown under the same conditions in an unheated glasshouse at Teagasc in Dublin (Ireland) in March 2017. Lenticel numbers were recorded in current-season shoots produced in the glasshouse up to July 2017.
Tree phenotyping
A total of 3939 trees were examined in the Irish ash provenance trial. For each tree, a branch reaching the canopy level was cut down in early May 2017 and the lenticels examined (Fig. 1) . Shoots in the branch were evaluated under four different criteria: the presence or absence of canker-like lesions, the presence or absence of necrotic lenticels, the presence or absence of died-back shoots and bud burst on a scale from 1 to 4 (Fig. 2) . All the disease observations were qualitative in nature and no collar lesions were observed. Bud burst observations were quantitative in nature (Scale 1-4). We compared lenticel densities on current-season shoots produced by grafted plants of ten genotypes of ash with a low susceptibility to ADB and ten genotypes with a high susceptibility to ADB. For each genotype, three shoots on three grafted ramets were analysed. In each of these a 5
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cm section of the internode was delimited with a fine marker on one-year-old shoots and the number of lenticels was counted. A total of 60 shoots (30 low and 30 high susceptibility genotypes) were evaluated and the mean lenticel count was then divided by the surface area of the marked section to compute lenticel density.
Fungal isolation
Genotypes with infected lenticels were selected randomly within each block of the provenance trial ( Fig. S1 in Supplementary material). Shoot samples from 17 of these genotypes were used for fungal isolation. A total of 86 lenticels were dissected and used for fungal isolations. Internodal shoot sections were surface-sterilized by first washing under tap water for 20 minutes followed by immersing them in 2% NaOCl for 10 minutes; 30 seconds in 70% EtOH followed by two rinses in sterile deionised water. Samples were then allowed to dry in a class 2 biohazard cabinet (ESCO, Portland, OR, USA). The bark was then carefully removed using a sterile scalpel (No. 10 Blade). Small (2-5 mm 2 ) pieces of infected plant tissue adjacent to the necrotic lesions were placed on half strength agar amended with 50 mg l -1 streptomycin sulfate. After a period of 1-3 weeks at 25 °C, isolated fungi were separately subcultured to fresh malt agar, to obtain pure cultures.
DNA extraction and diagnostic of the isolates
Hyphae were collected in 2 mL screw cap Eppendorf tubes. Four glass beads were added to the tube and a ball mill (FastPrep TM FP120, Qbiogene Inc., CA, USA) was used to break the tissue at 4000 vibrations min -1 for 20 seconds. DNA was extracted using the GenElute ® Plant Genomic DNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA) according the manufacturer's instructions. Genomic DNA was eluted in a total volume of 100 μL of water.
Internal Transcribed Spacer ITS1 and ITS4 together with the RedTaq ® PCR reaction mix (Sigma-Aldrich) were used for the PCR reactions in a total volume of 50 μL using 1 μL of DNA as a template. An initial denaturation step at 94 °C for 5 minutes was followed by 35 amplification cycles of denaturation at 94 °C for 15 seconds, annealing at 50 °C for 30 seconds and extension at 72 °C for 30 seconds. The thermal cycling was ended by a final extension step at 72 °C for 7 minutes. PCR products were purified using a GenElute PCR Clean-up kit and purified DNA products were sent to Macrogen (Netherlands) for sequencing. Sequences were compared with the NCBI database using BLAST and genus was annotated for each of the isolates. Complementary morphological identification of the isolates was done in the laboratory using a microscope.
Statistical analyses
All statistical analyses were carried out with SAS 9.4 software (SAS Inc., Cary, NC, USA). Phenotypic data were analysed using procedures for linear modelling. Data from individual trees was summarized on a per plot basis before using ANOVA-type analysis to compare means for outcomes and regression analysis to study associations between lenticel infection and other measured characteristics. Simulation techniques were used to adjust for multiplicity effects. Residual plots were checked to ensure that the assumptions of the analyses were met. Log transformation was used to as appropriate to correct skew and nonconstant variance.
The provenance effect on bud burst was modelled using latitude and altitude, along with the block effect. A linear model was fitted with the Mixed procedure.
Lenticel density was compared using a one-way ANOVA analysis comparing the two groups of genotypes with different susceptibility levels to ADB.
Results
Fungal isolation
Out of the infected 86 lenticels on which fungal isolation was attempted a total of 39 fungal isolates were successfully isolated and sequenced. Cases where fungal isolation failed were most commonly caused by mould contamination and, in some cases, by the sterilization process, which might have killed the organisms. Species in seven different fungal genera were identified, including Hymenoscyphus fraxineus. The most common genus was Boeremia (n=23), while all other genera (Diaporthe, Epicoccum, Didymella, Aspergillus, Neonectria and Hymenoscyphus) were represented by a maximum of five isolates and a minimum of one. Two samples yielded sequences with no known matches in NCBI. The full set of results can be found in Tab. 1.
Lenticel density
Lenticel density showed significant differences among genotypes (p=0.0019), ranging from 0.06 ± 0.01 to 0.17 ± 0.03 lenticels mm -2 (Fig. 3) . Even though the average lenticel density was slightly lower for genotypes with low susceptibility, as shown in Fig. 3 , the difference between these and the highly susceptible group was not statistically significant.
Statistical analyses of tree phenotypes
Bud burst was annotated for 3939 trees with an average bud burst of 2.62 in the scale from 1 to 4, showing that the time of the spring when the trees were surveyed was appropriate. For the other three criteria: shoot dieback, canker-like lesions and necrotic lenticel lesions, fewer trees were surveyed (3890), as some of the trees in the field were too small to be accurately evaluated due to provenance effects. Lenticel necrosis was observed in 1099 trees (28.25%), canker-like lesions were observed in 1216 trees (31%) and shoot dieback was observed in 1576 trees (40.05%). Additional iForest 12: 160-165 162
Tab. 1 -The number of the fungal isolates and the identity of the isolates from infected ash lenticels confirmed by ITS sequencing.
Fungus
Number of isolates
Boeremia spp. 23
Diaporthe spp. 5
Epicoccum nigrum 4 (Unknown fungus) 2
Aspergillus spp. 2
Hymenoscyphus fraxineus 1
Neonectria ditissima 1
Didymella spp. 1 Fig. 3 -Lenticel density (lenticels mm -2 ) for ten low-susceptibility genotypes and ten high-susceptibility genotypes of F. excelsior. Error bars represent the standard deviation. Horizontal lines represent the mean lenticel density for each of the two groups of genotypes. information on the distribution of these symptoms within the provenance trial can be found in Fig. S2 (Supplementary material) .
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Statistical analyses revealed a block effect for canker-like lesion (p=0.0024), lenticel necrosis (p=0.0032), shoot dieback (p<0.0001) and bud burst (p<0.0001). Block effects were included in the statistical models. Provenance effects were not observed for shoot dieback, lenticel necrosis or canker-like lesions. On the other hand, bud burst was affected very significantly by provenance (p<0.0001). A 3D model including latitude, altitude and bud burst was created to show how these variables correlate (Fig. 4) . Specific information on each of the provenances can be found in Tab. S1 (Supplementary material). Bud burst did not show a correlation with any of the other three symptoms that were evaluated. The strongest correlation was observed between lenticel necrosis and canker-like lesion (r=0.81). A weaker correlation was observed between shoot dieback and canker-like lesion (r=0.45) and shoot dieback and lenticel necrosis (r=0.41).
Discussion
This study is the first attempt to identify the range of fungal organisms that can use lenticels as entry points to infect F. excelsior shoots. Several forest pathogens in different genera were isolated from infected lenticels in this study. Most of them have been already described in previous studies concerning microbial diversity in ash (Griffith & Boddy 1988 , Kowalski et al. 2016 , Kosawang et al. 2018 . However, this is the first study in which H. fraxineus was isolated from necrotic lenticel tissue. Previous work in ash dieback refers to lenticel infections as "necrotic shoot bark" and "small bark wounds" on ash shoots (Bakys et al. 2009 ) or "lesions" (Kowalski & Holdenrieder 2009 ). These observations may have resulted from lenticel infections but were unrecognized.
Lenticel infection is a well-known infection mechanism in other forest pathosystems such as in Quercus (Garbelotto 2004) , Alnus (Jung & Blaschke 2004) , Aesculus (Laue et al. 2014) and Populus (Qin & LeBoldus 2014) and we confirmed the susceptibility of ash lenticels to a range of fungi. In our study a single isolate out of 39 was confirmed to be H. fraxineus. Low frequency of H. fraxineus among the isolates could be explained by the relatively low disease pressure on the site, which was just going through the first year of dieback infection. Another explanation is that malt agar was used while specific media types such as ADA (Botella et al. 2016 ) might have been more favourable for H. fraxineus. It is also possible that some of the native fungi that were found in this study may have a higher abundance and capacity to infect ash lenticels, having coexisted with their host for a longer time, which would render H. fraxineus as a minor competing pathogen of ash lenticels. Finally, there is the possibility that H. fraxineus initially infected a higher proportion of the lenticels but was later outcompeted by other organisms, as it often happens during the isolation of this pathogen from infected plant material. This possibility would be in line with the hypothesis that H. fraxineus facilitates the infection by other forest pathogens such as Armillaria spp., as suggested by Husson et al. (2012) . The most common among the isolates were those belonging to the genus Boeremia, also known as Phoma. This is a very common minor pathogen that has been reported previously in the context of ash dieback (Bakys et al. 2009 , Kowalski et al. 2017 , Kowalski et al. 2016 , Schlegel et al. 2016 ) and fits the profile of an opportunistic pathogen causing minor damage to the host. Stem collar infections at ground level are a major cause of tree mortality and a major concern at later stages of the ash dieback disease when disease pressure is very high (Chandelier et al. 2016 , Muñoz et al. 2016 , Enderle et al. 2017b ). Collar infections were not found in the present study and this is consistent with observations that collar infections have never been reported during the first year of infection. However, the present study has confirmed that lenticels are vulnerable to infection by H. fraxineus even in a low disease pressure environment in crown shoots, where we assume that conditions favouring the infection of lenticels in crown shoots would be even more demanding than for leaf laminas, i.e., smaller surface areas for spore contact and the corky cell types. Consequently, the isolation of H. fraxineus from necrotic lenticel tissue in the crown shoots was unexpected. Stem lenticels have been hypothesized as the main entry points and initial cause of collar necrosis, leading to tree mortality (Enderle et al. 2013 , Chandelier et al. 2016 . We find this is a reasonable hypothesis, especially because of the high density of ascocarps at ground level (Havrdová et al. 2017 ) resulting in highest concentration of spores near the base of the trees (Chandelier et al. 2014 ) and together with favourable humidity and temperature conditions (Marcais et al. 2016) . Furthermore, the presence of moisture-holding mosses at the tree collars, and the potential for the accumulation of spores which would be washed downwards in water films from tree surfaces. The findings in the present study support the hypothesis of lenticel infection in ash. However, a more detailed study demonstrating the early stages of necrosis in tree collars is required for confirmation.
Lenticel density showed a significant variation among ash genotypes. Even though average lenticel density was lower for the low susceptibility group of genotypes, this difference was not significant. Physiological and morphological changes in lenticels have been shown to be important in poplar trees where lenticels are major infection points (Qin & LeBoldus 2014) . Lenticels and leaf scars are the main infection points for Neonectria spp., which cause canker in apple and other tree species (Flack & Swinburne 1977) . In ash, however, literature has often considered bark wounds and openings to be the entry point for fungal and bacterial cankers (Flack & Swinburne 1977 , Janse 1981 , Janse 1982 but lenticels have never been considered in this context. Our work shows that many known pathogens can use lenticels as entry points to infect ash shoot bark. The morphology of ash iForest 12: 160-165 
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lenticels is known to vary depending on different environmental factors such as flooding (Tang & Kozlowski 1984 , Yamamoto et al. 1995 . A study focused on the interaction between European horse chestnut and Pseudomonas syringae showed that lenticels are more likely to be infected in spring and summer, while in the autumn, morphological changes in their structure make them more resilient to infection (Laue et al. 2014) . Our results show a strong correlation between canker-like infection in shoots and lenticel necrosis, suggesting that lenticels are vulnerable and can host different types of organisms, depending on their physiology and other characteristics. Further studies focusing on the characteristics of ash lenticels are needed to understand how they might affect infection. In contrast to previous studies (Skovsgaard et al. 2010) we observed a weak correlation of shoot dieback with canker-like lesions and lenticel necrosis. This suggests that trees that present lenticel infections are more likely to also show shoot dieback or, perhaps, that some of the observed shoot dieback was initiated and caused by lenticel infections. We found no correlation between bud burst and any of the other three symptomatic traits. Some authors (McKinney et al. 2012 , Bakys et al. 2013 , Hietala et al. 2013 , Nielsen et al. 2017b ) have suggested that bud burst and leaf senescence have an effect on the susceptibility of individual genotypes to ash dieback. The population in this study included trees with a very broad genetic base and significantly different bud burst values but shoot dieback was not correlated with provenance source. In the present study, the absence of a provenance effect in the incidence of shoot dieback is consistent with the findings from other studies where minor provenance effects in susceptibility to ash dieback were detected (Pliura et al. 2011 , Enderle et al. 2013 , Havrdová et al. 2016 .
Conclusions
As in other forest tree species, lenticels are a natural entry point for fungal pathogens in F. excelsior. H. fraxineus was isolated from infected ash lenticels in a forest with low ash dieback disease pressure. Lenticel density is not significantly different between genotypes with different susceptibility levels to ash dieback. Lenticel necrosis is highly correlated with cankerlike lesions in ash. Both these traits show a weak correlation with shoot dieback.
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